Introduction
All elemental and most compound semiconductors and their alloys contain elements which consist of more than one stable isotope. The most commonly used semiconductor silicon is composed of the three isotopes r~Si, r~Si and j~Si with abundances of 92.23%, 4.67% and 3.10%, respectively. The important compound semiconductor GaAs consists of mono-isotopic j~s and the two Ga isotopes ~~Ga and ~\Ga at abundances of approximately 60% and 40%, respectively. These abundances are a consequence of the nucleosynthesis processes which led to the formation of the elements making up the matter in our region of the universe.
Most physical properties of semiconductor crystals depend to some degree on their isotopic composition. Though these dependencies are rather weak for many properties, they nevertheless teach us a lot about the origin of some basic physical processes occurring in a crystal and our level of theoretical understanding.
Not all isotope effects are subtle, however. Geballe and Hulll demonstrated experimentally the increase in low temperature thermal conductivity in Ge which was predicted by Pomeranchuk as early as 1942. 2 The room temperature thermal conductivity of isotopically controlled diamond, for example, has been shown to change by tens of percent depending on the isotopic composition. By far the largest effects due to isotopic composition can occur after the capture of a thermal neutron by the nucleus of a specific isotope. The new nucleus is either stable and the element remains unchanged or it · decays forming a different element. In recent years the NTD process has been extensively applied to ultra-pure Ge used in the fabrication of very low temperature thermistors operating in the few degrees Kelvin down to the milliK range. 3 Isotope superlattices of ~~GaAs and naaAs have been grown for the study of Ga self-diffusion4 in GaAs. Using the NTD technique, isotope superlattices can be selectively doped after they have been grown. 5 The doping level may be increased in finished devices by reimmersion of the crystal in a thermal neutron bath.
Materials Aspects
Focusing on those elements which are of importance for semiconductors either by being a constituent of the semiconductor lattice or by acting as a neutral, shallow-or deep-level impurity, we find that nature provides an interesting and useful mixture of mono-and poly-isotopic elements.
Even under very favorable circumstances isotope separation will remain costly and ways have to be found to minimize materials use. This limitation naturally favors thin films which can be grown on inexpensive substrates of natural composition. It appears fortuitous that a majority of current scientific studies and of electronic and optoelectronic devices make use of thin film structures. It may be necessary to develop special low volume sources for MBE systems and to optimize the use of feed gases for chemical vapor deposition (CVD) related growth processes.
For bulk crystal studies one has to resort to the growth of small crystals. Both the purity and the crystallographic quality (dislocation density, stacking faults) are not easily controlled as one moves to very small crystals. Again, using enriched Ge isotopes we have succeeded in growing randomly seeded single crystals with volumes of the order of 1-2 cm-3 and net-dopant concentrations ~ 1Q1I cm-"3.6 A split graphite crucible in a vertical freeze configuration was used for this purpose.
The growth of isotopically controlled diamond strongly differs from the standard semiconductor crystal growth techniques and has been described by Banholzer and Anthony . 7 3.
Phonons and Related Properties
The dependence of the phonon frequency ro on mass M can be described in the Virtual Crystal Approximation (VCA) by ro oc M-1!2.
(1) Raman Spectroscopy and Photoluminescence (PL) have been used for the study of isotopically enriched and deliberately mixed germanium crystals. The Raman studies were mostly performed by the members of the group of M. Cardona. 8 What is surprising at first sight is the very weak dependence of the phonon line width of -1 cm-1 on isotopic composition. The explanation is found in the ion mass fluctuation bandwidth of Ge which is much smaller than the intrinsic optical phonon bandwidth. Under these circumstances phonons do not become localized but remain spread out over a large number of unit cells, leading to a close to perfect linear averaging of the various isotope masses. The linewidth has been shown to be due to the phonon lifetime for the anharmonic decay into two phonons. · Photoluminescence studies of several isotopically enriched Ge crystals were first reported by Davies et al. 9, 10 Fig. 1 shows representative luminescence spectra of highly enriched 70Ge and 74Ge crystals. The LA and the TO phonon assisted free exciton (FE) lines are clearly shifted in energy. Excitons bound to deliberately introduced substitutional Co acceptors and P donors generate both phonon assisted (TA,LA,TO) as well as no-phonon lines (np ). Whereas the phonon assisted lines suffer shifts due to phonon and bandgap energy changes, the np lines are displaced solely 
..... Stimulated in part by speculations regarding very large increases of the thermal conductivity in isotopically pure diamonds, a series of diamond crystal growth and characterization studies with extensive theoretical interpretation has been conducted. The thermal conductivity of dielectrics is given by
with C = specific heat, v = phonon velocity and L = phonon mean-free path. Neither the velocity of low-frequency phonons nor the specific heat are predicted to change much at a 1.1% 13C isotope impurity level in natural diamond~ The large thermal conductivity increase which is observed for diamonds with increasing isotopic purity ( Fig. 2 ) must therefore be due to changes in the phonon scattering rates. Lattice parameter determinations have been conducted for several isotopically mixed diamonds. Fig. 3 shows the experimental data obtained by Holloway et a[. II The data can be fitted to:
ao <T = 2soc. x) = r 3.56714-o.ooos4xJ <A) (3) In an elegant experiment Ramdas et af. 12 have determined the elastic moduli of highly enriched 13C diamond using Brillouin shifts in inelastically scattered monochromatic radiation from LA phonons traveling along the < 1 00> and the <111> crystal orientations. These measurements show that the elastic moduli are 0.5% higher for 13C diamonds as compared to natural diamonds. Using an empirical relationship between hardness H and the elastic modulus cu (ell oc H7/4), Ramdas et af. 12 supported their claim that Be diamonds are the hardest terrestrial material and represent the solid with the highest atom ·density. The isotopic composition affects the bandstructure through the electron-phonon coupling and through the change of the crystal volume with isotopic mass. Several groups have conducted low temperature studies of the direct and indirect bandgaps of natural and isotopically controlled Ge single crystals.9. 14. 15 Measurement of the energies of impurity-bound excitons shown in Fig. 1 The contribution to the bandgap shift originating in the volume change can be estimated using the lattice constant change with isotope mass and the dependence of EIG with volume:
(dEIGidA)vol = 0.132 meV/amu (5) The main contribution to dE/d.A can be directly related to the change of the energy gap with temperature. This change is described by structure factors which contain electron-phonon interaction terms (Debye-Waller factors) and self-energy terms. For practical calculations these terms are expanded in a power series of 1 " 0 the atomic displacements. The leading terms 
With increasing temperature both n and <u2> increase leading to the observed reduction of the energy gap. At low temperature n = 0 and we only deal with the zero-point oscillation. Combining the dependence of ro on M with the above equation we find: <u2> oc VIM. .
Zollner et az. 16 have performed a numerical calculation of the isotope dependence of the electronic bands using an empirical pseudopotential method including the necessary lattice dynamics. They find forGe (dEIGidA)e-p = 0.41 meV. The total calculated shift of the indirect bandgap energy with isotope mass adds up to ., model.I8 Zone folding leads to states at k =0 which do not exist in the bulk material. The highest energy state exhibits very little dispersion and corresponds to phonons which are strongly localized in the 70Ge layers. Using the bond polarizability modeJ19 the Raman spectrum of the two highest states have been calculated. These theoretical predictions were recently tested with Raman studies of a series of MBE grown short period isotope superlattices of 70Ge and 74Ge. 20 The shortest periods studied consisted of two atomic layers each and produce a single Raman line corresponding to the LO phonon in a crystal with isotope mass A = 72, the linear average of the two masses. In the n=12 superlattice we observe at least three strong Raman lines. For n=32 the Raman spectra begin to approach the structure we would expect to observe for to isotopically pure bulk crystals, one made up of 70Ge, the other of 74Ge. Localization of the different phonon modes in each layer is practically complete at this point.
Local Vibrational Mode Spectroscopy
Local vibrational mode (L VM) spectroscopy is a well established research tool for the study of impurities and impurity complexes in semiconductors. In order to give an illustration of the effect of isotope enrichment on· spectral complexity we want to briefly review the results on bond centered 0 in natural and isotopically controlled Ge. The xoe-0-YGe molecule has three fundamental modes. The . "wag" mode (v3) has the The complexity of such spectra can be reduced very significantly through the use of isotopically pure (or at least highly enriched) crystals. Fig. 4 shows two spectra which were recently reported by Mayur et ill .21 They used oxygen doped natural and four highly enriched Ge crystals. The reduction from eleven to one L VM line is significant because it allows a quantitative study of the line width and of the coupling between v3 and the other modes as a function of temperature. The splitting is a result of the nonlinear superposition of the v2 and the v3 modes. The low frequency v2 modes can be thermally populated already near liquid helium temperature.-
5.
Neutron Transmutation Doping (NTD) and Electronic Transport Studies 24 The availability of highly enriched isotopes of Ge which can be purified to residual dopant levels <1012 cm-3 has provided.the first opportunity to measure neutral impurity scattering over a wide temperature range. Itoh et al. 24 grew a series of high-purity Ge crystals of 70Ge and 74Ge. These crystals were doped with NTD. followed by appropriate thermal annealing leading to well defined and ideally homogeneous Ga acceptor and As donor concentrations, respectively. Doping levels between 1014 and 1016 cm-3 with less than 1% compensation were chosen. Fig. 5 shows mobility data points for four n-type 74Ge crystals. The continuous lines are not fits to the data but represent the theoretical prediction of the model proposed by Meyer and Barto1i2S with no adjustable parameters . Itoh et al. report on infrared absorption linewidth studies of Ga acceptors and. As donors in isotopically pure NID Ge. 26 In order to demonstrate the potential of superlattices selectively doped by NTD, let us discuss briefly the formation of a Ge nipi structure. 5 The necessary donors are created in the neutron transmutation of the 74Ge to 75 As while the acceptors are obtained from 70Ge via electron capture and 71Ga formation. 72Ge and 73Ge can be used for the intrinsic layer or to reduce the atomic concentration of 70Ge and 74Ge. Isotopic composition and doping of a hypothetical Ge nipi structure may look like this: The dopant concentrations after NTD are: (10) [Ga] = nthermaiCJ7oaey[70Ge]t (11) Isotope superlattices of the other semiconductors offer similar opportunities. Ga self-diffusion in 69GaAsf71GaAs isotope superlattices was studied by Tan et az.4
Elemental heterogeneous superlattices (Si/Ge) as well as homogeneous and heterogeneous superlattices and quantum wells of III-V and II-VI semiconductors can be grown and doped with NTD. Most transmutation products act as donors. This strong
asymmetry in favor of n-type doping can be balanced to some degree by chemical doping during growth with the known short comings. A unique aspect of isotope multilayer structures selectively doped via NTD is the option of repeated doping of the same structure. This makes possible doping dependent studies with the identical structure or device.
Future Developments and Conclusions
Considering what has been achieved with isotopically controlled diamond and Ge we are confident that a very large number of interesting experiments can be performed if there is enough commitment to obtaining the necessary materials. There can be little doubt that we will see experiments with isotopically controlled Si bulk crystals and perhaps 28Sif30Si superlattices.
Isotopically controlled Til-V and n~vi compound semiconductors and their alloys are most promising in the context of NID. Zn containing II-VI semiconductors can be doped either with Cu or Ga or-not at all, depending on the particular choice of the Zn isotope. The group II partners S, Se or Te offer an abundance of doping possibilities including donors and acceptors. Post-growth doping II-VI semiconductors with the standard techniques (diffusion and ion implantation) has found rather limited success and NID in combination with isotope control has to be explored as a possible solution to the doping problem.
N1D will play a role in diffusion studies. Self-and impurity-diffusion in a given semiconductor can be studied with superlattices. Sections of the same superlattice can be doped over a broad range of impurity concentrations.
Local vibrational mode studies would become even more powerful than they already . are if isotopically controlled host crystals were available. The enormous simplification gained from isotopically pure host crystals has been clearly demonstrated with 0 in Ge. Just imagine an L VM study of an impurity on the Te site in CdTe. There are five stable Cd isotopes with sizable atomic fractions leading to a very large number of neighbor mass combinations! Nuclear reactions with isotopes offer a range of opportunities which have not been explored. Other opportunities exist with electron paramagnetic spin resonance techniques which make use of the interactions between electron and nuclear spins: Isotope control and engineering of semiconductors and other solids offers almost limitless possibilities for solid state studies and novel devices. This post cold war era has brought great opportunities for making highly enriched isotopes more readily available to the science and technology community.
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